Ghost imaging is an unconventional imaging technique that generates
Ghost imaging is based on correlating two signals: the spatially-resolved intensity pattern of a light source incident on the object (a probe pattern), and the total integrated intensity scattered from the illuminated object. The image is generated by summing over multiple incident patterns, each weighted by the integrated scattered signal. Significantly, this fundamental principle of ghost imaging is not restricted to producing only spatial images, and in a recent time-domain application, measurement of ultrafast signals on picosecond timescales was reported [11] [12] [13] . In the frequency domain, the measurement of wavelength-by-wavelength Hanbury Brown-Twiss intensity correlations of a superluminescent laser diode was used to characterize spectral features of chloroform in a proof-of-principle experiment [15] . This approach however used nonlinear detection that requires either a high-power source or very sensitive detectors, and it is also experimentally time consuming as it involves a raster scan approach both in wavelength and time.
In this paper, we introduce a scan-free approach to high-resolution frequency domain ghost imaging that enables the measurement of the spectral transmission (or reflection) of an object using a detector without any spectral resolution. The method has rapid acquisition time, is broadband and requires neither a high-power source nor particularly sensitive detectors. As a particular application, we report spectroscopic measurements of methane absorption lines over a 50 nm bandwidth and with sub-nm resolution. The results are in excellent agreement with independent measurements, and the approach offer great potential for spectral sensing in diffuse light levels and in spectral regions where sensitive spectrometers are not available. Figure 1 shows the principle of spectral ghost imaging. Consider an object with wavelength-dependent transmission which modulates (or modifies) the spectrum of a broadband light beam interacting with this object. Provided the incident light field exhibits random spectral intensity fluctuations, a ghost image of the object's spectral response can be generated from the normalised correlation function C(l) defined by:
Physically, C(l) is the wavelength-dependent correlation between multiple measurements of the spectral intensity fluctuations in a reference arm Iref(l) and the total (or integrated)
wavelength-independent intensity Itest in the test arm where light interacts with the object.
Here, ⟨ ⟩N denotes ensemble average over distinct N realisations, and ∆I = I − ⟨I⟩N. Differential detection is numerically implemented to increase the signal-to-noise ratio as
shown. Note that the figure considers wavelength-dependent transmission, but the same principle applies for reflection.
Using this approach, we aim to generate a "ghost image" of the absorption spectrum of gas molecules. Figure 2 shows our experimental setup. The light source is a spectrally filtered broadband incoherent supercontinuum [16] extending over 1610-1670nm (see Methods). The supercontinuum source is equally divided between the reference and test arms with a 99/1 fibre coupler. In the reference arm, the spectral fluctuations are measured in real-time using the DFT approach (see Methods) with 0.2 nm resolution, which also sets the resolution of the spectral-domain ghost-imaging scheme.
DFT has recently been applied to many studies in ultrafast nonlinear dynamics [17] [18] [19] , for direct spectroscopic measurements [21] [22] [23] , label-free molecular identification [24] , 
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Differential processing scheme pump-probe Raman excitation [25] , and biomedical diagnostics [26] , and is rapidly becoming a standard characterization tool in ultrafast science.
In the test arm, the spectral object is a 16.7 cm long fibre-based single pass methane gas cell (Wavelength References FCS-16-1/4) at atmospheric pressure and room temperature. The absorption lines of the 2v3 overtone transition [27] are in the spectral range of the filtered source, and act as the spectral object modulating the randomly fluctuating incident light. Light transmitted through the cell is measured by an integrating photodetector with 50 ns response time (15 MHz bandwidth, Thorlabs PDA10D2), which, alone, cannot resolve any spectral feature of the gas absorption.
Multiple single-shot realisations are recorded by an oscilloscope, and a differential detection scheme is applied in post-processing [28, 29] (see Methods). as seen in the expanded portion in Fig. 3(b) . The average spectral envelope of the filtered spectrum over a large number of consecutive single-shot spectra is also shown in Fig.   3 (a), with this envelope being essentially determined by the transmission curve of the 50 nm bandpass filter. We also plot the standard deviation of the fluctuations relative to the average spectrum, which is close to 50% across the full (filtered) bandwidth. Ghost imaging relies on the fact that the reference and test beams are perfectly correlated such that a variation measured in the test arm intensity is caused by the change in the fluctuations of the probe in the reference arm. In the case of a sparse object for
which the variations in the spectrally integrated transmission are small from one realisation to another, the integrated intensities measured at the output of the test and reference arms should be nearly fully correlated. For our experiments, this is verified explicitly in Fig. 3(c) with a very strong correlation (Pearson correlation coefficient ρ = 0.946). Finally, the random nature of the spectral fluctuations is conveniently visualized in Fig. 3(d) where we plot the wavelength-to-wavelength correlations of a measured ensemble of 20,000 singleshot spectra (see Methods). The plot shows a high degree of correlation only on the diagonal, clearly indicating that there are no spectral correlations within the pulses, a prerequisite for ghost imaging using random fluctuations.
The ghost spectral image of the methane absorption lines obtained from 20,000 distinct SC spectra is shown in Fig. 4 (solid blue line). For comparison, a direct measurement of the gas absorption using the same filtered supercontinuum source and a conventional optical spectrum analyzer with 0.2 nm resolution is also plotted (solid red line). Both the ghost image and the direct measurement are low-pass filtered to remove the distortion from the supercontinuum spectral envelope (see Methods). We see remarkable agreement over the full 50 nm spectral range of the overtone transitions, with the resolution of the ghost imaging very close to that of the direct measurement. For completeness, we also show in the figure inset the ghost image obtained without the numerical differential scheme implementation and for the same number of 20,000
realisations. No obvious spectral signature of the gas is observed and we can see how the differential post-processing is extremely powerful in revealing the absorption lines with only a limited number of realisations. We emphasize here that the DFT method employed to measure in real time the spectral fluctuations allows for fast data acquisition rates. This means that with the 100 kHz repetition rate SC source used here, it only takes ∼200 ms to record the 20,000 realisations used to retrieve the absorption spectrum. Significantly, even with a much lower number of realisations, the absorption lines can still be resolved by the ghost measurement. This is illustrated in Fig. 5 where we show the ghost spectral image obtained for an increasing number of realisations. The signal-to-noise ratio increases with the number of measurements, yet one can see how the main absorption lines are already resolved with as little as 2,500 measurements. In conclusion, we have demonstrated broadband continuous spectrum ghost imaging using an incoherent supercontinuum light source with large shot-to-shot spectral fluctuations. The method is fast, broadband, scan-free and does not require any high power source or sensitive detector after the object. We have applied the technique to perform high resolution spectroscopic measurements of the absorption spectrum of methane in the 1600 nm wavelength range. The current resolution is limited by the precision with which the linewidth of spectral fluctuations in the reference arm can be measured in real-time, and we anticipate that pm resolution could be reached using a DFT fibre with larger dispersion and/or a tailored supercontinuum source. Finally, it is important to stress that the method is insensitive to linear spectral or temporal distortions occurring between the object and the integrating detector, which would not be the case in a direct measurement configuration [12] . Our results are very significant in showing that spectral ghost imaging has great potential for remote sensing and spectroscopic application in diffuse light conditions or in spectral regions where no sensitive detector exists.
Methods

Incoherent supercontinuum generation
The noisy supercontinuum is generated by launching 1kW, 700ps pulses at 1547nm with 100 kHz repetition rate (Keopsys-PEFL-K09) into a 6-m long DSF with zero-dispersion wavelength at 1510 nm (Corning Inc LEAF).
The supercontinuum bandwidth at the output of the DSF extends from ∼1300 to over 1700nm. In order to ensure fidelity in the DFT measurements because of attenuation (beyond 1670 nm) and third-order dispersion in the dispersion compensating fibre used for the DFT, the supercontinuum is then filtered in the 1610-1670 nm range with a 50 nm (full-width-at-half-maximum) bandwidth filter (Spectro-on NB-1650-050). The relatively long pump pulses used to generate the supercontinuum leads to significant shot-to-shot spectral fluctuations caused by an initial stage of modulation instability, and it is these random spectral fluctuations that are used in our ghost imaging setup. We also specifically adjust the peak power of the pump pulses injected into the DSF in order to maximize the amplitude of the spectral fluctuations, which reduces the digitization noise on the oscilloscope and yield improved signal-to-noise ratio when measuring in real time these fluctuations with the DFT technique. 
Dispersive Fourier transform
Differential ghost imaging
The spectral object (the absorption spectrum) is "sparse", i.e.
the absorption lines are significantly narrower than the spectral window of the measurement such that the gas molecules only impart very small changes in the total transmitted light. In order to increase the signal-to-noise ratio and reduce the number of measurements, we adopt a differential processing scheme which has the advantage to be sensitive only to the fluctuating part of the transmission. The differential detection is a numerical post-processing scheme originally developed in the spatial domain and which is similar to performing balanced detection in the test arm. It is realized by replacing the integrated intensity in the test arm with a numerically generated differential signal 
Low-pass Fourier filtering
Because the average spectral envelope of the supercontinuum source varies as a function of wavelength in the measurements spectral window of a single realization, this distortion will be seen a part of the object by the ghost imaging scheme. In order to remove the spectral envelope distortion, we apply low-pass filtering of the correlation function in the Fourier space, i.e. we multiply the Fourier transform of the correlation function by a narrowband notch function centered over the central peak of the Fourier transform. This effectively suppresses the slowly-varying spectral envelope as compared to the rapidly-varying gas absorption features.
